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Abstract
As climate change threatens vulnerable tropical climates and development outpaces resource
availability, the need for diverse construction materials grows. The United Nations Sustainable
Development Goals aim to reduce poverty in all forms. Diversifying construction material works
toward reducing indoor air pollution, the eradication of houselessness, encouraging
diversification in industry, and supporting small scale industrialization. In the Province of Bocas
del Toro in Panama, there is a tenuous connection to the greater industries in the country due to
location and existing infrastructure.
This research presents a literature review of the historical approaches to the construction
and chemistry of cement stabilized earth bricks, current soil conditions in Bocas del Toro, and
chemical and mineralogical information on insect nest soil as a construction material additive.
There are gaps in existing research concerning the Panamanian leaf cutter ant and the nest
material behavior. Therefore, this study proposes an experimental procedure to investigate the
mineralogical characteristics of the ant nest soil and behavior as a stabilizer in a cement
stabilized earth brick.
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Chapter 1 Introduction
1.1 Motivation
The United Nations (UN) identified 17 Sustainable Development Goals (SDGs) in 2015
to provide a blueprint for Member States to end poverty in all forms. The SDGs were created
after the Millennium Development Goals expired in 2015 and showed promise that the
guidelines were useful in guiding policy to address climate, social, economic, and health
inequities around the world. The SDGs provide specific and measurable targets to aim for on
how the quality of life can be improved across borders and cultures. Access to infrastructure and
construction resources intersect and affect many of the SDGs. For example, reducing indoor air
pollution, the eradication of houselessness, encouraging diversification in industry, and
supporting small scale industrialization are some of the targets identified by the UN as steppingstones to ending poverty that relate directly to this thesis.
This study proposes an investigation and testing procedure completed in cooperation with
the Universidad Tecnológica de Panamá (UTP) and local Panamanian earth brick producers for
Cement Stabilized Earthen Bricks (CSEBs) with leaf cutter ant nest soil admixture. The bricks
can be utilized to support or construct improved cookstoves (biomass burning stoves with a
chimney), one-story homes, agriculture storage units, or other simple structures as defined by the
brick manufacturer. This research utilizes the SDGs to give a broad global context as to why the
production of locally mixed CSEBs could be beneficial to Panamanians.
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There are many SDGs that highlight the importance of locally produced building
materials and their production reform/improvement. SDG 3’s aim is to improve health and
decrease preventable deaths worldwide. SDG 9’s broad goal is to promote novel sustainable
infrastructure that benefits consumers and industry. SDG 12’s aim is conscious production and
consumption of materials to strengthen the supply chains of international goods and create new
local opportunities for industry. SDG 11’s goal is to make the places where humans live more
just, resilient, and sustainable to promote the longevity of human habitation in those
communities. Table 1 summarizes relevant defined targets of SDG 3, 9, 11, and 12 to justify the
proposed study of a novel mixture of CSEBs as in line with current development objectives.
Table 1 Summary of the UN’s Sustainable Development Goals 3, 9, 11, and 12 (Source: UN,
2015).
SDG
Target
Reference
Number
Target 3.9

Reduce global deaths and illnesses due to air pollution

Target 9.1

Develop quality, reliable, sustainable, and resilient infrastructure

Target 9.2
Target 9.3

Promote inclusive and sustainable industrialization
Increase the access of small-scale industrial and other enterprises
Upgrade infrastructure and retrofit industries to make them sustainable, with
increased resource-use efficiency and greater adoption of clean and
environmentally sound technologies and industrial processes
Enhance scientific research in the industrial sectors by encouraging innovation
Support sustainable and resilient infrastructure in developing countries by
financial, technological, and technical support
Facilitate domestic technology development by encouraging industrial
diversification
Increase access to appropriate housing and basic services
Protect world cultures and natural heritages
Reduce the environmental impact of cities, specifically in relation to air quality
and waste management

Target 9.4
Target 9.5
Target 9. a
Target 9. b
Target 11.1
Target 11.4
Target 11.6
Target 11.c

Summary of Target

Support least developed countries in building sustainable and resilient buildings
utilizing local materials
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A goal of this paper is to investigate if any CSEB components could be replaced or
decreased by leaf cutter ant nest soil, ideally reducing the need for cement. Increasing local
access to this building material, while reducing the reliance on cement is in line with SDG
Targets 9.1-9.b by encouraging local builders to diversify their construction techniques and with
the added benefit of encouraging culturally inclusive practices. In addition, the manufacture of
and construction use of concrete accounts for 8-9% of the total global greenhouse gas emissions
or roughly 2.5 billion metric tons annually (Crow, 2008; IPCC, 2014; van Oss, 2017).
Innovating the building techniques of “casas de fincas” and providing manufacturers a
way to reduce costs and increase production is compliant with SDG Targets 11.1 and 11.c by
potentially improving access to housing made from local material. There are communities all
over the world that utilize CSEBs of various mixtures for home building more frequently than
Panama (Peng et al., 2014; Adam & Agib, 2001; Gavali & Ralegaonkar, 2020; Namango, 2006).
Furthermore, the cost reduction to the manufacturers who already create brick stoves in Panama
allows them to produce more stoves that can reduce the amount of three stone fires actively in
use in rural communities. This reduction is suitable for SDG Targets 3.9, 11.4, and 11.6 which
aim to see less death, illness, and environmental damage from air pollution.
The World Health Organization (WHO) reported in their 2018 annual report on the
SDGs, that access to cleaner fuel has increased 10% since 2000. This is a positive result, but
access does not always translate to use. A recent study and community survey concerning
improved cookstove implementation found that 84% of rural Panamanians find indoor smoke
reduction important to them, but there are systemic and economic barriers that prevent wide
adoption (Donegan, 2018). With the global population expected to hit 9.8 billion by 2050, the
needs of rural communities are only going to grow and finding ways to provide cheap and
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effective building material will become increasingly important (Elkhalifa, 2015; FAO, 2017;
Petts, 2006; UNEP, 2011).
1.2 Introduction to Leaf cutter Ant Nest Soil
The candidate material for this study was observed by the thesis author during their
service in Peace Corps Panama. The nest soil of the Atta Colombica ant was chosen through
community conversations and experiences in the field. These nests were found to be in
abundance and a source of pests to the local community members in Rio Oeste Abajo where the
author lived. The nests are often cleared by local farmers to remove the ants and therefore the
existing soil is considered a waste product by the community. The Atta Colombica is known
commonly as the leaf cutter ant and are famous for the highway of ants carrying small leaf
cuttings seen and described in documentaries and television series. The Atta are a prevalent
genus of ant in tropical ecosystems and there is existing literature that aims to understand their
broader effects on the environment due to their harvesting of vegetation (Herz et al., 2007;
Swanson et al., 2019; Welch et al., 2020).
The author learned through conversations in Panama that red soil is sometimes utilized in
constructing traditional farm homes or “casa de finca” in certain communities due to the ease of
construction and convenience. The “casas de finca” homes are traditionally constructed of a
variety of locally available grasses and muds in Indigenous and non-Indigenous regions of
Panama. To create a CSEB on the other hand, ordinary Portland Cement (OPC) or cement is
mixed with local soil and any binding agents the manufacturer is familiar with (such as fly ash,
grasses, straws, etc.). The brick is then poured into a mold and dried by either the sun or a kiln.
Brick technology can learn from and build on the history of adobe and Indigenous mud house
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construction found in Latin America, thus preserving the cultural practice, and encouraging
innovation.
The familiarity of earthen construction to Panamanians and the treatment of leaf cutter
ant nest soil as waste material led to questions about possible use in construction. However, there
is little existing literature about the mineralogical makeup of the nests. The Atta is more studied
for its profound effect on deforestation and its relation to the breakdown of jungle debris than its
construction properties (Swanson et al., 2019; Wirt et al., 1997). Similar animals that have had
their nest material studied for use in construction are the termite and soldier ant (Adekayode et
al., 2009; Elinwa, 2018; Mijinyawa et al., 2007; Zhou, 2019). These soils are used in parts of
Africa, India, and Australia for various construction activities, from grain silos to low volume
streets (Alabadan et al., 2016; Mihelcic et al., 2009, Mijinyawa et al., 2007; Omofunmi &
Oladipo, 2018). Due to the little mineralogical/usage data on the leaf cutter ant nest soil,
predictions are difficult to make as to how the modified CSEBs will perform in comparison to a
control CSEB or other insect-based soil brick.
1.3 Global Health Context
Population growth is outpacing the global shift to cooking methods that do not directly
pollute the home (WHO, 2018). The WHO estimates that more than 3 billion people cook and/or
heat their homes with biomass fuel (WHO, 2020). Insufficiently vented homes that cannot
remove the smoke particulates from these polluting cooking methods contribute to a variety of
illnesses such as pneumonia, lung disease, ischemic heart disease, and stroke (WHO, 2018).
Household air pollution accounts for 3.3% of deaths worldwide, the largest percentage credited
to a single environmental factor (WHO, 2016). Furthermore, the contaminated air from indoor
air pollution is estimated to have caused 15% of deaths in children under 5 in 2016 (WHO, 2016;
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WHO, 2018). Documentation of these effects are thought to be underreported as most open
cooking fires occur in rural areas that are difficult to access for survey and study (Johnson et al.,
2007; Smith et al., 2000; Zhang et al., 2000).
The leading cause of death in Panama from 2009-2019 was ischemic heart disease
(Institute for Health Metrics and Evaluation (IHME), 2020). The sixth and seventh leading cause
of death were lower respiratory infections and COPD, respectively. All these diseases can be
exacerbated or directly caused by poor indoor air quality and the yearly cases leading to death
have been increasing since 2009 (WHO, 2018; IHME, 2020). There is little government wide
data available concerning Panamanian biomass fuel use but is estimated that more than 50% the
rural population rely on wood to cook their meals, while 0% of urban Panamanians do (Wang et
al., 2013; World Bank, 2013; Xiaoping et al., 2017). The traditional foods of Panama such as
soups and beans require very long cooking times, and the average Panamanian family uses
roughly 24 lbs. of wood each day (ANAM, 2014). Building cookstoves with chimneys out of
locally made bricks is an avenue for reducing the amount of smoke that Panamanians come into
contact within the home. Furthermore, an improved stove can reduce the fuel use by over half,
thereby improving indoor air quality (Grieshop, 2011).
Furthermore, it is estimated that 1.6 billion people in the world do not have access to
adequate housing (Habitat for Humanity, 2015). This number is likely rising as the price of land
and building materials have increased globally, exacerbating the problem (UN, 2020).
Houselessness is not commonly thought of as a global health crisis, yet it contributes to a
shortened life expectancy, and higher morbidity from otherwise preventable diseases (Stafford &
Wood, 2017). An estimated 20% of the population in Panama is houseless or faces housing
challenges such as overcrowding or unsafe conditions (Ministry of Housing, 2010). The
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government has responded to these statistics and has created an initiative called “Techo de
Esperanza: which has provided over 20,000 homes to rural families as of 2020 (Panamanian
Ministry of Health, 2020). Yet, these homes are often out of place culturally, and left abandoned
because they require a water and septic hook up which many rural Panamanians do not have
access to due to a systemic lack of funding for non-urban Panamanians. Bottom-up approaches,
such as granting land rights, providing building materials, and assisting with upfront costs, are
thought to be the most effective way to aid those without adequate housing (Stewart & Balchin,
2002). Inequalities in housing availability could be mitigated if CSEBs could be produced and
tested locally, as many Panamanians are familiar with earth construction. Furthermore, CSEBs
are strong enough to support one story dwellings in a variety of countries and climates
(Jayasinghe, 2007; Perera, 2009; Reddy, 1994; Stulz & Mukerji, 1993).
1.4 Objectives
The goal of this thesis is to provide a methodology to increase the understanding of the
soil composition of the Atta ant nest soil in Panama and its potential use as an additive for
Cement Stabilized Earthen Brick (CSEBs) applications. This thesis experiments to determine the
nest’s soil composition, and behavior as a brick additive to get preliminary insight into its
performance and potential to meet the referenced Targets of the SDGs. The proposed
experimental method can be completed by field researchers alongside laboratory technicians. It
provides relevant background information on Panama to aid in site selection. Additionally, a
methodology on how to create the bricks which includes field-based tests, and lab-based tests
that follow known and accepted standards and can be completed using Universidad Tecnológica
de Panamá (UTP) facilities and local knowledge.
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The author of this thesis worked in the Peace Corps Panama water, sanitation, and
hygiene (WASH) program as part of their graduate education from July 2018 to March 2020
(Manser et al., 2015; Mihelcic, J.R. et al., 2006; Mihelcic J.R. et al., 2020). On March 15, 2020,
all Peace Corps Volunteers around the world were instructed to begin evacuating their
communities due to the COVID-19 pandemic. Due to the evacuation, it was impossible for the
author to carry out the proposed experiments in their community as initially intended. Therefore,
this document is intended to provide a basis for future research into CSEBs in Panama. The
appendix contains an English version of an executive summary that will be sent to Panamanian
stakeholders which includes relevant tables and figures from this manuscript.
1.5 Research Questions
Based on the initial literature review, conversations with community members and UTP
Staff, the following questions (and associated tasks) have been identified as opportunities for
further study:
1. Is there a way to incorporate leaf cutter ant nest soil into the cement earthen brick
production process that is economical, culturally respectful, and technologically
manageable?
a. Review the current relevant socioeconomic conditions in Panama, cultural
practices of earth construction in Panama.
b. Propose in-field and laboratory experiments that rely on community interest and
cooperation along with local universities.
2. Is leaf cutter ant nest soil a reasonable material to add to cement stabilized earthen
bricks?
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a. Perform a literature review on available information concerning mineralogy,
CSEB chemistry, Panamanian soils and geological history, and similar
engineering materials.
b. Propose in-field and laboratory experiments that utilize international standards to
give a basis for comparing the engineering quality of the leaf cutter ant nest
CSEBs to previously tested CSEBs in literature.
3. Can reliable and accurate tests be completed to assess the usefulness of ant nest soil in the
field and in a local laboratory in brick production?
a. Propose experiments be completed in duplicate to provide a method of comparing
results between identical brick mixes.
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Chapter 2 Literature Review
2.1 Panamanian Context
Panama is in the southernmost part of Central America, bordered by Colombia to the
East, and Costa Rica on the West. There are nine provinces and eight indigenous groups in
Panama. These indigenous groups are Ngäbe, Bugle, Embera, Wounaan, Teribe, Kuna, Bri Bri,
and Bokata. There are currently five Comarcas (semi-autonomous areas), where the indigenous
community maintains the right to have elected leaders and control development. Figure 1 shows
the boundaries of the provinces and the three largest Comarcas (Ngäbe-Bugle, EmberaWounaan, and Kuna). The estimated total indigenous population for the 2020 census is
3,894,082 making up a little more than 12% of the total population (CIA, 2020; INEC, 2016).

Figure 1 Map of the Republic of Panama Delineating the Nine Provinces and the Three Largest
Comarcas (Source: CIA public domain database, 2017).
10

Yet despite having a large and diverse indigenous population the majority of the national
government in Panama comprises of people of non-indigenous decent, with little representation
and input taken from indigenous leaders. This leads to a lack of development and funding in the
Comarcas or communities with a large indigenous population (UN, 2005). Panama also has the
second worst income distribution in Central America and some of the highest wealth disparity
despite having the highest GDP and fastest growing economy (CIA, 2005; World Bank, 2011;
World Bank, 2018). The three most populated Comarcas (Ngäbe-Bugle, Kuna, and Embera)
have the highest percentage of poverty compared to the other provinces in Panama (UNDP,
2015). In further studies of Panamanian socioeconomics, it was found that the lowest 10% of
households (by income) account for only 1% of the wealth, a majority of which are indigenous
(CIA, 2014; STRI, 2019). These disparities are not only economic; it is estimated that nonindigenous Panamanians are on average expected to live 10 years longer than their indigenous
counterparts, due to the systemic inequality between these populations (UN, 2010; WHO, 2016).
The community of Río Oeste Abajo in the province of Bocas del Toro is the assumed
location for the field experiments and application of final brick results proposed in Chapter 3.
Río Oeste Abajo and the surrounding small towns are inhabited largely by the Ngäbe-Bugle
people whose communities are more likely to suffer from underdevelopment. The geography
specific to Bocas del Toro exacerbates the underdevelopment in the area when compared to other
provinces in Panama. The province is separated from the capital of Panama City by dense jungle
and an area locally known as “mosquito coast” due to the prevalence of malaria and dengue
carrying mosquitos and therefore developed independently. It remained isolated and only
reachable by plane or boat until the road connecting the two was completed in 1998. Still, the
capital city and Bocas del Toro are located approximately 390 miles apart and connected only by
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one 2 lane road coming off the Pan-American highway making transport either long or costly for
individuals and businesses. Furthermore, due to climate change the transporting of basic
construction materials could become uneconomical in the future, further driving down the
already limited supplies available in Bocas del Toro (Kattel et al., 2015).
CSEB use in Bocas del Toro faces additional challenges due to the heavy rainfall because
earth bricks are more prone to water damage especially if used in home construction
(Bayizitlioğlu 2017; NZS 4297, 1998; Obonyo, 2012; Stulz & Mukerji, 1993). The province has
a tropical maritime climate, meaning the weather is slightly cool at higher elevations, and warm,
rainy, and humid at sea level. The closest rainfall measurement station to Rio Oeste Abajo
receives on average 130 inches of rain per year, more than twice the national average for the
United States (NOAA, 2019; STRI, 2019). The region also experiences periods of no rainfall that
can last weeks (STRI, 2019). While there is a long history of earth construction in Panama these
homes typically were either not chemically stabilized, located in the drier parts of the country, or
required regular repairs and maintenance. Due to these difficulties the existing literature and
developed standards mainly come from and are applied in areas with less consistent and heavy
rainfall than Bocas del Toro such as Australia, Turkey, Nigeria, the Southwestern United States,
certain regions of India, etc. Therefore, it is necessary to ensure the soil selected for use in these
experiments has the characteristics required to create a strong and durable base for the CSEBs.
2.2 Relevant Soil Characteristics of Panama and Similar Tropical Climates
2.2.1 Introduction
The Panamanian Isthmus was formed millions of years ago when the Caribbean and
South American plates collided with and drove down the Pacific-Farallon Plates, connecting
North and South America for the first time (Barat et al., 2014; O’Dea et al., 2016). An isthmus is
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a thin strip of land surrounded by water that connects two larger land masses which are not
otherwise attached. The resulting collision and creation of the volcano “tail” forms the
foundation for the soils in Panama today (Barat et al., 2014; Jackson, 1997). Yet, the soils of an
ecosystem are not as they were when they first formed, they exist in constant flux based on
landscape, vegetation, climate, human intervention (Barthold et al., 2008; FAO, 2015; Tuncer,
1977). The major soil groups found today in Bocas del Toro in the broadleaf rainforests are
Ferralic Cambisols (CMfl) and Plinthic Acrisols (ACpl), their characteristics are summarized in
Table 2 (European Commission, 2015; FAO, 2015).
Table 2 Summary of Characteristics for the Major Soil Groups Found in Latin America using
FAO Nomenclature (Source: European Commission, 2015; FAO, 2015; ISRIC, 2014).
Location in Latin America

Physical Soil

Mineral and Clay

Ecosystems

Characteristics

Composition

Acrisols

Humid Tropics, savannah,
level areas, level areas near
uplands

Deep yellow to
deep red, loamy
sand with clay

Cambisols

Humid Tropics in the
presence of Acrisols, hilly
and mountainous areas

Brownish, medium
– fine textured,
soils

Soil Type

Stable low activity clays
with well crystalized
kaolinite, ferric and
aluminum oxides
Aluminum oxides and
hydroxides, silicate clays,
ferric oxides

To obtain quality CSEBs a good soil selection is required as soil typically makes up over
80% of the brick (Reddy, 1994). The soil properties most crucial to CSEB brick production are
strength, permeability, particle distribution, and stability (Sherwood 1993). These soils together
with the climate of Bocas del Toro create conditions that previous literature has found to be a
suitable base for CSEBs (Australian Earth Building Handbook, 2012; Guillaud & Joffroy, 1995;
NZS 4297, 1998; Stulz & Mukerji, 1993).
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2.2.2 Occurrence of Appropriate Soil in Study Area
According to the Institute for Tropical Ecology and Conservation located in Bocas del
Toro, the climate is mainly covered by tropical moist broadleaf rainforest and is one of the most
biologically diverse areas on the planet (FAO, 2015; STRI, 2019). It would be understandable to
assume that rainforests have highly organic soils based on the abundant ecosystems they support;
however, rainforest soils are typically infertile and acidic due to high amounts of rainfall and
high average temperatures (FAO, 2015; McNeil, 1972). The organic matter that is deposited onto
the earth is either taken up quickly by the dense vegetation as nutrition or washed away by
rainfall, unable to be absorbed into the soil (McNeil, 1972). There are also well documented
periods of no rainfall which increases erosion especially in Acrisols (European Commission,
2011; STRI, 2019). This climate creates conditions difficult to farm in, but useful for CSEB
production (Bhavan et al., 1982; Delgado & Guerrero, 2007; Riza et al., 2010; Shanmuka et al.,
2018).
The climactic, geologic, and landscape factors combine in Bocas del Toro to cause
leaching of the underlying soil. Leaching is a chemical weathering process where large amounts
of consistent rainfall remove nutrients (i.e., nitrogen, phosphorus, and potassium) and salts from
the topsoil, leaving behind iron, aluminum, manganese, and other oxides (Bell, 1994; Delgado et
al., 2007; ISRIC 2014). This process can also lead to the formation of lateritic soil (also known
as tropical residual soils) that are comprised of iron, aluminum and manganese oxides and
various clay minerals but primarily kaolinite (Burroughs, 2012; Oyelami & Rooy, 2018).
Kaolinite is one of the most stable and common clay minerals and therefore, is often used in
commercial brick construction (Burroughs, 2012; Miatto et al., 2017). Lateritic soils are also
well studied and known for their usefulness in earth construction and are likely found in Rio
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Oeste Abajo (Burroughs, 2012; Lemougna et al., 2011; Stulz & Mukerji, 1993). Lateritic soils
are specifically useful because they are well-graded soils that have cohesive (silt and clay) and
non-cohesive (sands and gravels) components and are low in organics and salts all of which have
been shown to be important in earth constructions in varying climates (Australian Earth Building
Handbook, 2012; Riza et al., 2010; Oyelami & Rooy, 2018). Lateritic soils are not the only
appropriate base for the CSEBs, any well graded clayey sandy loam is also acceptable, and a
wide variety have been studied for decades (Bhavan et al., 1982; Delgado, 2007; Peng, 2014).2.3
Earthen Brick Production Methods and Uses in Panama
Earth is often thought of as a primitive and forgotten technology, yet roughly 30% of
people in the world live in homes built with earth (Correa et al., 2015; Silveira et al., 2011).
Cultures across the world have utilized earth as a building material since before recorded history,
specifically in Panama some communities utilize the Daub method of earth construction. Daub
construction is when a moist soil mixture is placed between a post supported frame (Hujbers,

Figure 2 Casas de Quincha’ are Constructed Using Local Soil, Water and Grasses. The Materials are
Placed onto the Frame and Dried in the Shade of the Roof (Source: Author photo).
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1987). These structures were reported by community members to last around 5 years. In Panama,
the soil mixture is further enhanced by local rice straw and built with wood, bamboo, or thin
branches shown in Figure 2. These homes called “casas de quincha” are constructed by both
indigenous and non-indigenous communities in Panama.
There is some familiarity with medium scale stabilized adobe brick construction in
Panama as well, while there isn’t any currently produced by the national government. Adobe
differs from Daub construction in so far as the wet soil mixture is placed into specifically sized
molds and then dried, rather than placed directly onto the frame. Peace Corps Community
Environmental Conservation volunteers work with an eco-adobe brick producer in the city of
Limon, Herrera to provide bricks for brick cookstoves to communities still using 3 stone fires.
These bricks utilize cow manure as an admixture, are mass produced, and solar dried. The brick
production of stove tops is shown in Figure 3. The cultural familiarity of earthen construction in
Panama is a positive sign for future expansion of CSEB use.

Figure 3 The Brick Producer Cuts Out an Opening to Create a Stove Top while the Freshly Molded
Bricks Dry in the Sun (Source: Author photo).
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2.4 Cement Stabilized Earth Bricks
A CSEB is the product of a chemical stabilization reaction, mechanical compression in a
mold, and a drying process outside of a mold. Stabilizers (such as cement, rice husk ash, slag)
are added to, reduce the soils vulnerability to water, increase compressive strength, and increase
the performance of the soil as an engineered material (Deboucha & Hashim, 2011; Guillaud &
Joffroy, 1995; Jayasinghe, 2007). The bricks can be compressed with a variety of methods, but
due to limitations at the study site, static mechanical compression or tamping are recommended
in Chapter 4. Static mechanical compression in this thesis refers to setting a specified weight on
the brick mold for a set time interval before removal, doing this the same way for each brick to
be studied. Tamping involves tapping the mixture in a mold until no new air bubbles arise.
Compression in all forms is performed to increase strength, stabilizer performance, and decrease
density, brick weight, and irregularity of shape (Gooding, 1993; Guettala, 2016; Guillaud &
Joffroy, 1995; Sitati, 2006).
CSEBs cannot dry to quickly or they can display unacceptable shrinkage and potentially
crack the brick (Gowda, 2016; Guillaud & Joffroy, 1995). Similar to traditional concrete
mixtures, they should be lightly wetted for 28 days, and protected from the elements until the
drying process is complete. Cement is the most common type of additive used to stabilize earth
bricks due to its familiarity, relatively low cost, and availability in local markets globally. It is
typically added to earth brick in 5-10% by weight of the soil (Bhavan et al., 1982; Deboucha &
Hashim, 2011; Morel et al., 2007; Riza et al., 2010; Reddy, 1994). Cement addition specifically
has been shown to increase the compressive strength and water resistance when compared to
traditional adobe blocks (Houben & Guillaud, 1994; Morel et al., 2007).
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2.4.1 Novel Admixtures in CSEBs
Cement, often called ordinary Portland Cement (OPC) use in stabilized earth bricks has
its drawbacks, it is often the most expensive part of a CSEB, is difficult to store, and usually sold
in large, heavy, and difficult to transport quantities of up to 100 lbs. Lime, natural and food
waste fibers, coal fly ash, and termite mound soil are of specific interest to this thesis as they are
either industry or natural waste materials that are added in the interest of reducing cement while
enhancing the bricks performance (Akinyemi & Dai, 2020; Guettala et al., 2002; Naganathan et
al., 2015). Currently the only coal fired power station in Panama in the province of Colon over
xx miles away making fly ash an unlikely additive to be available. Previous studies that analyzed
the properties of ant nest soil and termite mound as construction materials are summarized in
Tables 3 and 4, respectively. All studies reviewed completed an initial chemical composition
analysis and, is crucial to understanding the components of the nest soil.
Table 3 Summary of Reviewed Literature Containing Ant Nest Soil as a Study Component.
Novel
Additive

Mixture Ratio
(% of total)

0-40% by
Ant Nest
mass to
Soil
cement mortar
(ANS)
mixture

5-30% ANS by
mass to
cement
30% ANS by
mass to
cement mortar
mixture

Relevant Tests
Applied

Results

Author

Compressive and
tensile strength,
setting time,
degree of
hydration,
pozzolanic activity
index (PAI)
Compressive
strength, flexural
strength, PAI,
density

Acceptable levels of total
silica, alumina, and iron
oxides. Compressive strength
increases 10% replacement,
acceptable after 90 days
curing for all ratios.

Elinwa,
2005

Increase in performance at 5%
ANS compared to traditional
concrete. Above minimum
pozzolanic activity index.

Ikponmwo
sa et al.,
2010

Compressive
strength, PAI

Compressive strength
increases with curing time.

Zhou et
al., 2019
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Table 4 Summary of Reviewed Literature Containing Termite Mound Soil as a Study Component.
Novel

Mixture Ratio (%

Relevant Tests

Additive

of total)

Applied

Termite
Mound
Soil
(TMS)

50-100% TMS
0-50% Rice Husk
Ash

Results

Author

Highest compressive
strength in bricks
without rice husk.

Alabadan
et al.,
2016

Higher fiber content
leads to less durability
and lower CS & TS.

Akinyemi
et al.,
2016

70-100% TMS
0-30% cement
0-30% Calcium
Carbide

Compressive
strength, particle
distribution,
Atterberg limit tests,
dry shrinkage, water
absorption

CS was acceptable to
Nigerian building
standards. All mixtures
with some cement or
calcium carbide up to
10% performed better
than TMS alone.

Akinyemi
et al.,
2021

5-25% TMS
0.43 water: cement
ratio

Compressive
strength, optimum
moisture content, ,
particle distribution,
density workability,
water absorption

5-20% replacement of
cement sees some
compressive strength
decrease.

Elinwa,
2018

70% TMS
20% Sand
0-4% Coir Fiber
6-10% cement

Compressive
strength, in-situ
moisture content of
TMS
Compressive and
tensile strength,
water absorption,
swelling, modulus of
rupture

100% TMS

CS, particle
distribution,
Atterberg limits,
linear shrinkage

100% treated TMS
1:2 water to TMS
ratio

Structural stability,
insulation, water
tightness

Higher compressive
strength than other
earth bricks, equal to
CSEBs. TMS is a
medium plasticity clayey
sand.
The constructed silo
maintained initial
moisture of grains and
minimized temperature
fluctuations

Millogo et
al., 2011

Mijinyawa
et al.,
2007
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Table 4 (Continued) Summary of Reviewed Literature Containing Ant Nest Soil as a Study
Component.
0-50% TMS/
cement
50-100%
Lime/OPC

0-100% TMS
0-100% Laterite
Soil
0-100% Clayey
Soils

Compressive
strength, particle
distribution, water
absorption,
Atterberg limit tests,
Wet & dry
compressive
strength, particle
size distribution,
max dry density,
optimum moisture
content

TMS/ cement ratios had
a higher compressive
strength than identical
lime/cement mixtures.

Olusola et
al., 2006

TMS increases
compressive strength
and max dry density in
laterite soils, better than
in clayey soil.

Omofunmi
&
Oladipo,
2018

Reviewing these two tables it is seen that the studies discussed in the literature focus on
testing compressive/tensile strength, water absorption, and durability. These tests are described
in further detail in the methodology section. Water absorption and durability are of particular
interest in the case of bricks to be produced and used in the tropical climate of Boas del Toro.
These CSEBs will be exposed to more water contact than those tested in non-tropical climates
due to high rainfall due to high rainfall and humidity.
To measure the effectiveness of insect soils as a soil brick replacement, the bricks must
perform similarly when compared to standardized brick expectations. All studies in Tables 3 and
4 noted that as expected compressive strength increased with curing times of at least 28 days.
Alabadan et al., (2017) found that local soil mixed with termite soil and rice husk ash up to 20%
by volume did not reduce the compressive strength of the samples tested when compared to
traditional clay burnt bricks. However, many studies found that the addition of termite mound
soil to soil can slightly decrease the compressive strength, but it will remain acceptable up to
20% termite mound soil by volume (Elinwa, 2018; Omofunmi & Oladipo, 2018). The reviewed
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studies of 100% termite mound soil that did test compressive strength found that it was stronger
than the surrounding soils for earth building applications (Omofunmi & Oladipo, 2018).
Compressive strength in an ant nest soil mixture was found to be stronger than traditional
concrete at 5% replacement of ordinary Portland Cement, but decreased as the ratio increased
(Ikponmwosa et al., 2010). In ant nest soil mortar mixtures, the compressive strength was found
to increase up to acceptable levels for all curing times after 90 days (Elinwa, 2005; Zhou et al.,
2019).
Termite mound soil bricks typically have a lower in situ moisture content while
maintaining the desired plasticity due to higher percentages of chemicals/enzymes and clay
content compared to non-insect soil (Alabadan et al., 2017; Millogo et al., 2011). Ant nest soil
mixtures were similarly found to have moisture contents below the maximum 3% allowable by
ASTM standards (Elinwa, 2006; Ikponmwosa et al., 2010). The moisture content directly affects
the long-term durability of a brick (Ikponmwosa et al., 2010; Omofunmi & Oladipo, 2018).
Durability is often managed using additives to reduce the swelling and cracking seen in bricks
when curing takes place, or when the brick is exposed to high levels of moisture. It is
recommended that the percentage of ordinary Portland Cement replacement should not surpass
certain percentages based on replacement ratios (Olusola et al., 2006).
Termite mound soil was generally found to be appropriate for farm structures, ceiling
tiles, and low impact construction kept away from the degrading effects of moisture (Alabadan et
al 2016; Mijinyawa et al., 2007). The bricks were found to aid in temperature and moisture
regulation when used as simple storage structures (Mijinyawa et al., 2007). Ant nest soil was
recommended for structural uses such as I-beams (Ikponmwosa et al., 2010). Both termite
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mound soil and ant nest soil were separately recommended for partial replacement of ordinary
Portland Cement in some form by all studies in Tables 3 and 4.
The presence of specific silica, alumina, and iron oxides (SiO2, Al2O3, and Fe2O) in a soil
indicate the potential for high rates of pozzolanic activity, increased compressive strength, and
durability (Namango, 2006; Stulz & Mukerji, 1993). Pozzolanic activity is the measurement of
how well a substance reacts with calcium hydroxide. A pozzolan is a finely graded material
(natural or artificial) containing aluminous, ferric, or siliceous species that gain cementitious
properties after reacting with calcium hydroxide and being hydrated (Ikponmwosa et al., 2010).
The increasing presence of these metal oxides typically found alongside decreasing
concentrations of calcium and hydroxide ions as they are leached out of the soil through a
hydration reaction with water and pozzolan. According to ASTM C 311 and C618 the minimum
pozzolanic activity index is 70% of the soil must be SiO2, Al2O3, and Fe2O and can be measured
by a variety of techniques including, titrimety, comparing natural pozzolans to a controlled
cement mortar, or spectroscopic techniques. The Kenya Standard requires a building soil to have
at least 75% by weight. These standards were met by all the literature review in Tables 3 and 4.
This increased pozzolanic activity has shown to increase the curing time in both termite
mound soil and ant nest soil samples. The increased hydration reaction indicates that to ensure
adequate time for drying is achieved the samples must be wetted regularly and be allowed to cure
for at least 28 days before use in a project.
2.4.2 Environmental Chemistry of Cement Stabilized Earthen Bricks
The samples in the proposed experiments will be made from ordinary Portland cement,
local lateritic soil, and differing ratios of leaf-cutter ant nest soil. The leaf cutter ant nest
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pozzolanic properties are understudied but are expected to perform similarly to soldier ant nest
and termite mound soil.
Ordinary Portland cement derives its strength from the reaction between the water and
cement particles. As the particles are hydrated the mixture becomes harder and stronger
(Kosmatka & Wilson, 2011). To predict the potential effect of leaf cutter ant nest soil the studied
reactions and chemistry are seen in Equation 1 and 2. The first reaction in an unfired CSEB
occurs when water is added to the dry and pulverized brick mixture to hydrate the pozzolan.
𝐶3 𝑆, 𝐶2 𝑆, 𝐶3 𝐴, 𝐶4 𝐴𝐹 + 𝐻2 𝑂 → 𝐶𝑆𝐻 + 𝐶4 𝐴𝑆𝐻12 + 𝐶𝑎(𝑂𝐻)2(𝑠)
•

where C3 S = 3CaO ∗ SiO2 Tricalcium Silicate, and

•

C2 S = 2CaO ∗ SiO2 Dicalcium Silicate, and

•

C3 A = 3CaO ∗ Al2 O3 = Tricalcium Aluminate, and

•

C3 AF = 4CaO ∗ Al2 O3 Fe2 O3 Tetracalcium Aluminoferrite, and

•

H2 O = Water, and

•

CSH = Calcium Silicate Hydrate, and

•

C4 ASH12 = Monosulphoalumniate, and

•

Ca(OH)2(s) = Calcium Hydroxide

Equation 1

Equation 1 is an approximated representation of the expected phases of hydrated ordinary
Portland cement that will form bonds between the natural material, cement, and water. The
equation is only approximated because the exact constituents of the ant nest soil are unknown,
and even the mixing of concrete often involves contaminates or trace elements that vary from
batch to batch based on natural variances in soil, cement, air quality and therefore precision is
difficult to obtain. The newly hydrated gel is roughly 50% calcium silicate hydrate by mass and
the material responsible for most of the strength (Kosmatka & Wilson, 2011). Equation 2
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involves the calcium hydroxide produced in Equation 1 and clay material found in the soil. This
reaction occurs as the clay, calcium hydroxide and water release additional gel like material also
called hydrates (Zhou, 2019).
𝐶𝑌 + 𝐶𝑎(𝑂𝐻)2 → 𝐶𝑆𝐻 + 𝐶𝐴𝐻

Equation 2

•

where CY = Clay present in the chosen soil (commonly Al2O3 and SiO2), and

•

Ca(OH)2 = Calcium Hydroxide, and

•

C2 S = 2CaO ∗ SIO2 Dicalcium Silicate, and

•

CSH = Calcium Silicate Hydrate, and

•

CAH = Calcium Aluminate Hydrate

Equation 2 is a pozzolanic reaction and the concentration of hydrates created is mainly
dependent on the concentration of free lime and general quality of the clay. These hydrates
further contribute to the durability and strength of the soil brick.
2.4.3 Existing Standards and Accepted Uses
There is no universally accepted code for CSEBs and earthen building construction,
meaning that many studies are difficult to compare to other existing literature due to
experimental or testing differences (Riza et al., 2010). Each code can be influenced by
geomorphology, culture, and experience with masonry, pozzolans available, historical earth
construction practices, etc. The existing and applicable codes are summarized in alphabetical
order in Table 5.
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Table 5 Existing Earth Building Standards.
Existing Code Enforcing
Body

Relevant Standard

American Society for
Testing and Materials
(ASTM)

Selection of Natural Pozzolans in Concrete, ASTM C618-19
Guide for the Design of Earthen Wall, ASTM E2392
Standard Specification for Building Brick (Made from Clay or
Shale), ASTM C62-17

Standards Australia

The Australian Earth Building Handbook
HB 195-2002

British Standards
Institution

Code of Practice for Earthworks
BS 6031:1981

Indian Standards
Institution

Specification for Soil Based Blocks Used in General Building
Construction
IS: 1725 - 1982

Division of the Regulation
and Licensing Department,
New Mexico, United States

New Mexico Earthen Building Materials Code
14.7.3 NMAC 2015

Nigerian Standards for
Construction Materials

Standard for Stabilized Earth Brick
NIS 369: 1997
Engineering Design of Earth Buildings (Specific Design)
NZS 4297:1998

Standards New Zealand
Amendment#1 Earth Buildings not Requiring Specific Design
NZS 4299:1998
Typical projects expected to be implemented in Rio Oeste Abajo are cookstoves and onestory simple structures. There are a variety of existing cookstove designs, the estufa justa is the
most common in Panama as of the authors last communication with Peace Corps Panama staff in
December 2020. The estufa justa recipe is provided by the Ministry of Environment in Panama
and an NGO, Cosecha Sostenible Internacional de Panama. They require 27 bricks (25 x 14 x 8
cm) and 5 tiles to form an entrance to the burning chamber (40 x 40 x 2.5 cm). Brick sizes vary
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and therefore estimating the quantity needed for a single story structure is difficult. There is a
general area equation that can be used to estimate the number of bricks required for a single wall.
𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑊𝑎𝑙𝑙 𝐴𝑟𝑒𝑎

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐵𝑟𝑖𝑐𝑘𝑠 = [(𝐵𝑟𝑖𝑐𝑘 𝐿𝑒𝑛𝑔𝑡ℎ+𝑀𝑜𝑟𝑡𝑎𝑟 𝐽𝑜𝑖𝑛𝑡 𝑊𝑖𝑑𝑡ℎ) ∗ (𝐵𝑟𝑖𝑐𝑘 𝐻𝑒𝑖𝑔ℎ𝑡+𝑀𝑜𝑟𝑡𝑎𝑟 𝐽𝑜𝑖𝑛𝑡)]
Equation 3
2.5 Atta Colombica Ant Nest Soil Characteristics
Atta ants are known to need structurally sound soils in which to build their nests to
protect against the weathering conditions found in tropical environments. Atta nest density varies
widely between species, and they have been reported to cover between 17 – 80 m2 (Swanson et
al., 2019). Nest depth similarly varies and has been measured between 1.5 – 5 m (Swanson et al.,
2019).
Colonies have been observed choosing soils that have a high clay content (Hernández &
Jaffé, 1995). The high clay content in these tropical soils will cause the leaf cutter ants to build
their nest from 1- to 3-mm spheres instead of loosely packed soil, which increases the durability
against natural weathering systems (Cosarinsky & Roces, 2007, 2012). Ant nest soil is further
changed by this rolling to have lower bulk densities and reduced water content than the
surrounding soils (Swanson et al., 2019). This nest structure and existing soils in Bocas del Toro
indicate the possibility of high kaolinite (Al2 Si2 O5 (OH)4 )content, favorable for brick production
and pozzolanic reaction.
The literature currently lacks studies on the earth construction applications of Atta nest
soil. However, Termite mound soil has been extensively studied for varied uses in earth
construction (e.g., Akinyemi et al., 2016; Elinwa, 2018). The average measured properties of
termite mound soil are summarized in Table 6. Therefore, based on existing research from other
ant termite species from around the world, expected values will be extrapolated from existing
values.
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Table 6 Summary of Soil Characteristics of Termite Mound Soil (Source: Correa, 2015; Elinwa,
2018; Mijinyawa et al., 2007; Millogo et al., 2011; Santos, 1998; Omofunmi & Oladipo, 2018).
Property
% Sand
% Silt
% Clay
Plasticity

Termite Mound
46-70%
14-44%
10-18%
Medium

Compressive Strength
Bending Strength
Linear Shrinkage
% Pozzolans

.3-1.5 MPa
1.3 MPa
< 5%
> 70%

Worldwide there are 47 species of leaf cutter ants, but the Atta genus of ants stands out as
especially efficient herbivores. They are considered the dominant herbivores of neotropical
forests, the forests found in Bocas del Toro (Herz et al., 2007; Wint, 1983; Wirth et al., 1997).
The Atta Colombica is found between Guatemala and Colombia and have been observed in the
study site by the author. Indigenous Panamanians in the proposed study community treat these
animals as pests and destroy their nests to protect their crops. It is estimated that 80% of visible
leaf damage in some Panamanian rain forests is a result of Atta activity (Cherrett, 1989; Wint,
1983). In one yearlong study it was found that colonies can harvest between 1700 and 3,855 m²
of leaf coverage, damaging agricultural areas (Wirth et al., 1997). Farmers studied in Brazil were
reported to react favorably to the organic or natural management of these “pests” and may be
receptive to industrial uses of these nests (Boff et al., 2016). This is a positive sign that adoption
may be possible in regions where the Atta genus resides.
2.6 Knowledge Gaps Concerning CSEBs
The existing literature on earth bricks is not uniform and there is no cohesion between
performance expectations from regulatory bodies. Similarly, there are currently no studies
available which research the feasibility of Atta genus ant nest soil as a partial replacement for
ordinary Portland cement in earth brick production. There are no materials that describe the
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mineralogy of the Atta genus nests which would aid in the prediction of the behavior of the
CSEBs containing anthill dirt. Contrary to the highly studied termite which uses saliva mixed
with local soil to create their mounds, leaf cutter ants roll soil into small spheres. The saliva of a
termite has been shown to aid in soil cohesion and increase strength (Elinwa, 2018; Hesse,
1955). Due to the difference in nest creation, it is difficult to predict the strength, durability, or
water resistance of the leaf cutter ant nest soil using existing termite research.
Termite mound soil as it behaves as a construction material has been extensively studied
including, insect salivary components as a soil adhesive, typical particle grading, metal oxide
content, workability, among others. The consistency with which this information is reported
however, is varied, and based on author perception of importance. This information provides
researchers with data to predict the behavior of how termite mound behavior will behave and
allows for more effective mix design. Therefore, to improve the predictability of ant nest soil in
CSEBs, further research into these qualities is necessary.
The removal of large amounts of the Atta nest soils if unmonitored could potentially
damage the ecological stasis of the forests surrounding Rio Oeste Abajo. It is speculated in the
literature that their earth moving behavior and nest building contribute to enriching the topsoil,
which encourages plant growth (Swanson et al., 2019; Moutinho et al., 2003). Leaf cutter ants
harvest nutrient rich leaves to provide nutrients for a symbiotic fungus they grow in their nests to
feed their young. Depositing these leaves in their nests contribute to the nutrient cycling of the
nutrient sparse soils of their tropical environment (Swanson et al., 2019; Berish, 1986).
Therefore, further research is necessary to ensure that the extraction rates are carefully
considered before mass removal including identifying which species are present, estimating
available nest material.

28

Experimental studies often do not include a control group of an approved mixture for
brick, concrete, or CSEB blocks typically used in the region. This is a barrier to experiment
replication as it is difficult to compare results without a control group to guide a separate study.
Without studying the local earth construction alongside innovations, the measurement of
improvement lacks context. Similarly, there is no universally accepted way to prepare the
mixture, choose brick size, measure the compressive strength, solar cure, or dry a laterite earth
brick. Without standardizing parts of the process, researchers are faced with numerous variables
that could skew results.
Finally, like with many technologies introduced into rural communities NGOs and
industries promoting CSEBs in the literature lack culturally relevant knowledge of the cultures
they implement projects in. This includes a lack of follow up where these bricks are used causing
gaps in length of useful life, adoption rates, and actual performance. A lack of knowledge of
communal knowledge of typical or novel applications further prevents adoption.
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Chapter 3 Experimental Methods
This study aims to provide the methods to determine if CSEBs with varying ratios of leaf
cutter ant nest soil by volume can reduce the required cement needed to meet performance
standards. Excavation site soil and leaf cutter ant nest soil will be collected for initial laboratory
testing to determine the CSEB mix design, 8 x 3 x 3 inch sized CSEBs for field and laboratory
testing. The testing methodology is divided into five sections, soil analysis, brick production
preparation, field testing, and laboratory testing.
The proposed field experiments are designed to take place in rural communities in
Panama and it is assumed the technology described in this chapter is available. Indigenous and
Latino communities have cultural experience creating earthen structures and construction
experience with concrete. This study uses photos from the Ngäbe community Rio Oeste when
discussing location specific information. Rio Oeste is located outside of the port city of
Almirante, Bocas del Toro shown in Figure 4.
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Figure 5 Location Map for Rio Oeste Abajo (Red Star) and The Universidad Tecnológica
de Panamá in Changuinola (Red Circle) not to scale (Source: Google Maps, 2020).
Figure 4 Location Map for Rio Oeste Abajo (Red Star) and the Universidad Tecnológica de
Panamá in Changuinola (Red Circle) (Source: Google Maps, 2020).
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This study was designed with the intention that it would be completed with access to the
civil engineering laboratories at the Universidad Tecnologica (UTP) in Changuinola and David,
Panama. The Civil Engineering Department at UTP in David previously agreed to provide their
civil engineering laboratory for the experiments suggested here and the available technology
provided a rationale for eliminating certain experiments due to technical limitations. An
inventory of existing equipment in David was conducted February 17th, 2020, and a list of
available equipment can be found on the UTP website (http://www.ch.utp.ac.pa/laboratorio-desuelos-y-materiales). Rio Oeste is located along the David-Changuinola Road and therefore has
easy access to both laboratory locations for testing and field visits. 3.1 Experimental Procedure
The proposed field experiments help to choose an excavation site, and test cured bricks
immediately. They provide an efficient way to gauge the appropriateness of an excavation site,
mix design, or cured brick without incurring the financial burden of transport. The recommended
laboratory experiments will provide information on the chosen site’s soil and properties of leaf
cutter ant nest soil due to the lack of existing research. Laboratory results from standardized tests
reinforce the results from the field experiments and provide methods for replication in future
studies. A flowchart that describes the complete procedure for testing all the mixture materials
and final manufactured bricks is shown in Figure 5.
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OPC either 0% ,5% ,or 10%
Ant Nest Soil 0-100% by
volume of site soil
Site Soil comprises rest of
mixture

Figure 5 Author’s Design and Experimental Procedure Flow Chart for Site Selection, Material
Preparation, Mixture Design, Brick Production Method, and Cured Brick Testing of CSEBs.
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The tests proposed in Figure 5 will follow ASTM standards for concrete curing times and
testing of 3, 7, 14, and 28 days. The experimental methods and properties to be tested are
summarized in order in which they are proposed to be carried out in Table 7.
Table 7 Summary of Proposed Experiments Including Properties to be Tested.
Test Name

Properties Tested

Smell Test

Organic Matter Content

Touch Test

Field analysis of Major soil group

Wash Test
Sedimentation Test

Field analysis of major soil group
Field analysis of major soil group
Plastic limit, liquid limit, and
plasticity index

Atterberg Limit Test
Organic Matter
Determination
Mechanical Soil
Analysis

Citation
Houben & Guillaud, 1994;
Mihelcic et al., 2009; Stulz &
Mukerji, 1993
Houben & Guillaud, 1994;
Stulz & Mukerji, 1993
Adam & Agib, 2001
Stulz & Mukerji, 1993
ASTM D4318

Organic matter determination

ASTM D2974

Composition of completed brick
mixtures

ASTM D2487

Consistency Test

Optimum moisture content

Ball Drop Test

Optimum moisture content

Drop Test
Water Absorption
Test
Color Uniformity
Test
Efflorescence Test
Wet Erosion
Resistance
Compressive
Strength

Suitability for Use
Resistance to wet erosion and water
absorption

Peng et al., 2014; Stulz &
Mukerji, 1993
Peng et al., 2014; Stulz &
Mukerji, 1993
Spence & Cook 1983
BS EN 772-21; IS 3495 Part 2

Brick color uniformity

Spence & Cook 1983

Biological growth

IS 3495 Part 3
New Zealand Standard (NZS
4298)

Resistance to wet erosion
Strength of individual brick

ASTM C67

3.2 Preparation of CSEB Materials
3.2.1 Excavation Site Selection
The ideal soil for use in this experiment is one that has similar characteristics to laterite
soils as they have been studied extensively. Rio Oeste Abajo experiences high amounts of
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rainfall and sun, leading to highly leached soils. The author located some initially acceptable
locations within the community, but extraction agreements must be made with landowners when
the location is chosen for testing. The community also experiences periodic flooding because it is
located along an estuary by the Caribbean Sea. Therefore, the excavation location must be
located far enough inland to avoid periodic flooding and erosion challenges.
To determine the appropriateness of any chosen excavation location, field tests must be
conducted. These tests allow for small scale producers to make informed decisions on the
appropriateness of soil and prevent the casual selection of a site. The tests should be done at the
location of extraction and immediately after sampling. The soils will be excavated using hand
tools at least 1 foot below the topsoil to avoid excess organics. The following experiments
performed should be logged and recorded for excavation site selection.
3.2.2 Visual Examination and Smell Test for Site Soil
An initial visual examination is used to determine if the soil is more than 50% sand and
contains some fraction of fines (Stulz & Mukerji, 1993). All soil considered for use should be
able to pass through a sieve of at least 0.5 in (~1.25 cm) before field testing, to ensure there are
no pebbles or large stones.
The smell test quickly assesses in the field whether the organic content of the soil is too
high for use in construction. Excess organic matter is detrimental to the function of CSEBs
because the organic material will decay overtime, leaving voids and weakening the brick.
(Onitsuka, 2003; Adam & Agib, 2001). The organic matter does not burn off in solar dried
CSEBs as it does in fired bricks, and therefore soils that contain significant amounts are not
suitable for use. To conduct a smell test, a handful of soil is directly removed from the
excavation site at least one foot below grade. Wet and compact the sample slightly. The soil
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contains too many organics if the sample smells of rotted wood. If this test detects organic
matter, another excavation site should be identified.
3.2.3 Touch Test for Site Soil
The Touch test assesses the approximate gravel, sand, silt, and clay content of the sample
which will determine a site’s acceptability for CSEB construction. To perform the touch test, a
sample is removed from the chosen soil horizon, and wetted slightly. The sample is rubbed
between one’s palm and the fingers and the texture is noted. The resultant residue left on the
fingers will provide an in-field classification of the soil type, as follows:
•

Sandy soil: The sample will feel rough and not stick to itself or the skin when wet.

•

Silty soil: The sample will feel moderately rough and hold together when wetted lightly.

•

Clayey soil: The sample will feel smooth and will stick to the skin when wetted lightly.

3.2.4 Wash Test
The Wash test provides another method to determine a soil’s gravel, sand, silt, and clay
content which will determine a site’s acceptability for CSEB construction. To conduct the Wash
Test, an individual covers their hands with a thin layer of soil sample then wets the sample
slightly. They then rub their hands together to thoroughly mix the sample. Then the hands are
rinsed with water and observe the behavior of the sample. The resultant residue left on the hands
will provide an in-field classification of the soil type, as follows:
•

Sandy soil: The soil washes away with little effort and leaves little to no residue.

•

Silty soil: The soil will appear as a fine powder and wash away after a few seconds of
contact with water and light pressure.

•

Clayey soil: The soil will adhere to the skin and be difficult to remove even with water
and light pressure. The sample may feel slippery or appear shiny.
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3.2.5 Sedimentation Test
A sedimentation test more accurately reports the percentage of sand, silt, and clay in the
prospective excavation sites. The soil should be sifted with a sieve no larger than ¼ inch prior to
beginning the test. To conduct the sedimentation test two soil samples are needed from each
proposed excavation site. The samples are dried on a flat surface in the sun for 24 hours,
denoting excavation site of each sample. Once dried, samples are placed into clear containers at
least 1/8 gallon in size. The soil sample is mixed with a tablespoon of non-scented detergent and
then the container is filled with water. The container is then closed tightly and shaken vigorously
for 2 minutes, then placed to rest on a flat surface for 30 minutes. The container is shaken for
another 2 minutes and placed onto the level surface to settle for 2 days. After 2 days, a soil
profile will develop and using a ruler, record the total height of the soil column in the jar. The
three different layers of soil that have settled in the jar are sand, silt, and clay. Sand will be the
bottom layer and will have coarse, dark, and defined particles. The silty layer will be in the
middle and will have smaller but still defined particles. The clay layer will rest on top without

Figure 6 Soil Layers After One Minute of Settling and One Day in Test Jar (Source: Author
photo).
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defined particles. An example of expected soil settling results are in Figure 6. The percent sand,
silt, and clay can be determined as:
𝐻

% 𝑆𝑜𝑖𝑙 𝑇𝑦𝑝𝑒 = [ 𝐻𝑥] ∗ 100 Equation 4
𝑡

•

where 𝐻𝑡 Ht = total height of soil column in container, and

•

𝐻𝑥 = height of sandy, silty, or clayey soil layer in container

3.2.6 Excavation Site Selection
The excavation site soil conditions must be conducive to CSEB molding. Based on the
recorded results of the experiments conducted in this section, a location can be chosen. Clay
content is generally recommended to be less than 35% of total soil for brick making purposes
(Adam & Agib, 2001). Soils with a high clay content are prone to structurally damaging cracking
and shrinkage and locations with high clay content are rejected for further consideration. Soils
with a clay content less than 35 % are best stabilized with cement instead of lime and therefore,
are acceptable for the following experiments (Jayasinghe, 2007; Riza et al., 2010; Stulz &
Mukerji, 1993). Soils with high coarse gravel content or close to zero clay content will not mold
into solid and stable bricks and either a different soil horizon or excavation location should be
chosen (Delgado & Guerrero, 2007).
An excavation site that passes the tests in this section and are deemed appropriate in
distance, land ownership and other considerations are recommended to move forward for CSEB
construction and testing. Before storage, the soil is to be sieved with a ¼ inch sieve again,
crushed, and inspected for any extraneous organics or large stones. A total of 600 gallons of site
soil (120 one foot diameter five gallon buckets) of soil is to be collected and stored for future
use, they will require approximately 60 square feet of storage if stacked two high. The soil is
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stored in an airtight container, off the floor, under a roof, and away from the possibility of
weather damage for preparation of initial laboratory testing.
3.2.7 Ordinary Portland Cement Preparation
Portland cement can be purchased from several hardware stores in Almirante, Bocas del
Toro which is a 10-minute ride from Rio Oeste Abajo. The standard 94 -pound bags typically
cost around $9 USD and are 24 x 18 x 5 inches. Portland cement should be stored above ground
level, indoors, and double bagged in plastic to prevent moisture from damaging the material
before it is ready to be used in the mixture. The bags can be stacked after being bagged to
minimize the storage required. The Portland cement sold in Panama is appropriate for the
proposed experiments to be used and requires no special preparation required. The brand, weight
of bag, and type of cement on the packaging is to be recorded for future experimental reference.
3.2.8 Leaf cutter Ant Nest Soil Preparation
The collection of leaf cutter ant nest soil is best done in congruence with the ants foraging
schedule, to avoid contact with the ants. During the wet season, ants are more prone to stay
inside the nest, therefore collection should be done during the dry season during periods of high
ant activity.
Due to the nature of insect nests, the soil will contain initial organics and particles of
various sizes. Organic material is to be removed and the soil sieved and crushed before storage.
A total of 425 gallons (85 one foot diameter five gallon buckets) of ant nest soil is to be
collected. The soil should be stored in an airtight container, off the floor, under a roof, and away
from the possibility of weather damage for preparation of initial laboratory testing. , they will
require approximately 43 square feet of storage if stacked two high.
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3.3 Laboratory Experiments for Mixture Design
3.3.1 Water Content of Site and Ant Nest Soil
The water content of a soil determines many of a soil mixture’s properties such as
consistency and index properties. The samples are expected to have different water contents and
sites should be tested in duplicate. According to ASTM D2216, water content is determined by
recording the weight of a sample before and after drying at 110 ± 5°F for a minimum of 2 hours.
The empty weight of the dishes is recorded, and no weighing is to be done until after the samples
have cooled completely. The dried samples are saved and reused to test organic matter content in
Section 3.3.2.
The water content can be determined as:
𝑀𝑤 = 𝑀𝑐𝑚𝑠 − 𝑀𝑐𝑑𝑠

Equation 5

•

where 𝑀𝑤 = mass of water, and

•

𝑀𝑐𝑚𝑠 = mass of the container and moist sample, and

•

𝑀𝑐𝑑𝑠 = mass of the container and oven dried sample

𝑀𝑔 = 𝑀𝑐𝑑𝑠 − 𝑀𝑐

Equation 6

•

where 𝑀𝑔 = mass of the oven dried sample, and

•

𝑀𝑐𝑑𝑠 = mass of the container and oven dried sample, and

•

𝑀𝑐 = mass of the containers

𝑊=[
•

𝑀𝑐𝑚𝑠 −𝑀𝑐𝑑𝑠
𝑀𝑐𝑑𝑠 −𝑀𝑐

] ∗ 100

Equation 7

where W = water content, %
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3.3.2 Soil Characterization of Site and Ant Nest Soil
The plasticity index of the ant nest and site soil will determine the cement and soil ratio
of the CSEBs. The plasticity index is determined by the Atterberg limit tests. It is a common test
that uses the plasticity index (PI), plastic limit (PL), and liquid limit (LL) to determine the
plasticity and workability of a given fine-grained soil.
The Atterberg Limit tests require the UTP civil engineering laboratory equipment, and no
soil is tested that does not pass through a No. 40 sieve. First the soil is tested to determine if it is
sufficiently wet for liquid limit and plastic limit testing. Forty grams of wetted soil is placed
inside the cup until it is 2/3 full. A groove is carved from soil sample surface to bottom of the
dish and the test is run until the groove is completely closed. The sample is considered a failure
if the test is run for more than 35 total blows. The sample is then immediately stored in an
airtight container until the next test.
According to ASTM D4318 Method A, the liquid limit is determined by the number of
drops required to close a gap in a soil sample. To conduct the liquid limit test, the dish is filled ¾
full of the desired soil and a perpendicular line is grooved through the center sample. The dish is
dropped every 2 seconds until the groove closure measures 3/8 inch. A visual inspection is
completed to ensure the touching sides are similarly shaped. If they are not equally shaped, air
has caused movement and the sample location is retested. The soil is non-plastic and
unacceptable for use if after multiple iterations the soil comes together with less than 25 blows.
The number of drops for each sample is recorded and used to find the liquid limit.
According to ASTM D4318 Method A, the plastic limit is determined by repeatedly
rolling a sample into a cylinder until it cannot be reformed and rerolled. The plastic limit
determines when a soil behaves plastically and is used to determine plasticity index. To perform
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the plastic limit test, roll a 20 g wetted sample of the soil or ant nest soil into a 1/8 inch diameter
thread. When the sample crumbles, the thread is reformed, and the test repeated until the soil
breaks before reaching 1/8 inch diameter. The soil is placed immediately in a covered dish, soil
samples from the same site are tested and added to the dish until a minimum of 6 g is collected in
each dish for drying. The plastic limit is the averaged water content of the soil sample and is
determined by the methods in Section 3.3.1. A plasticity index of 16-28 and LL of 30-45 is
recommended for adequate brick performance (Delgado & Guerrero, 2007; Houben & Guillaud,
1994).
The plasticity index can be determined as:
PI = LL - PL Equation 8
•

where PI = plasticity index, and

•

LL = liquid limit, (whole number), and

•

PL = plastic limit, (whole number)

3.3.3 Organic Matter Determination of Site and Ant Nest Soil
The organic matter content of a soil determines if a specified extraction location is
acceptable. The smell test is acceptable for initial consideration in the field however a laboratory
test is more accurate. According to ASTM D 2974 Method A, organic matter content is
determined by comparing the weight of the non-fired and fired soil samples from the Water
Content Tests after drying at 450 ± 40°C. The empty weight of the dishes is recorded, and
samples are covered with aluminum foil and cooled at room temperature. The organic matter
content is the mass of organics as a percentage of the total soil mass, an acceptable level is
approximately 1%.
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The organic matter content can be determined as:
𝑀𝐷 = 𝑀𝑃𝐷𝑆 − 𝑀𝑃
•

where 𝑀𝐷 = Total mass of dry soil, g, and

•

𝑀𝑃𝐷𝑆 = Mass of dish and dry soil, g, and

•

𝑀𝑃 = Mass of empty dish, g
𝑀𝐴 = 𝑀𝑃𝐴 − 𝑀𝑃

•

where MA = Total mass of ashed soil, g, and

•

MPA = Mass of dish and ashed soil, g

𝑀𝑂 = 𝑀𝐷 − 𝑀𝐴
•

Equation 10

Equation 11

where MO = Total mass of organic matter, g

𝑂𝑀 = [
•

Equation 9

𝑀𝑂 ∗100
𝑀𝐷

]

Equation 12

where OM = Total mass of organic matter

3.3.4 Mechanical Soil Analysis
Determining the soil classification defines characteristics according to particle-size and
the expected performance of the soils in a CSEB. According to ASTM D 2487 a mechanical soil
analysis is completed by comparing the original mass of the sample with the captured material
on each sieve after the material is shaken for 15 minutes. The sieves are weighed and the sieve
with the largest opening is placed on top with sieve sizes descending to No. 200 at the bottom.
Soils will be given their group name using the LL and PI found in Section 3.3.2. The sum of the
total retained soil and soil found in the bottom container is checked against the initial weight of
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the soil. The soil classifications are expected to be similar between sample types and extraction
locations.
The percent retained on any sieve can be determined as:
𝑊

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑 𝑜𝑛 𝑎𝑛𝑦 𝑠𝑖𝑒𝑣𝑒 = [ 𝑊𝑠𝑠] ∗ 100
𝑡

•

where: Wss = Weight of soil retained on specific sieve, g, and

•

Wt = Total weight of soil, g

Equation 13

The percent of soil that is finer than a given sieve can be determined as:
•

𝑃𝑓 = 100 − 𝑊𝑟
Equation 14
where: Pf = Percent of soil finer than chosen sieve size, %, and

•

Wr= Percent retained on any sieve

3.3.5 Mix Design Recommendations
The typical cement content seen in the literature is between 5-10% by volume in earth
brick mixtures (Bhavan et al., 1982; Deboucha & Hashim, 2011; Morel et al., 2007; Riza et al.,
2010; Reddy, 1994). Soil properties drive cement ratio recommendations. Clays with high
organic matter contents will see their plasticity decrease dramatically when dried (ASTM
D4318). Ant nest soil in other regions is known to contain relatively high amounts of clay and
has potential to influence CSEB behavior. Organic matter content is monitored because it
weakens bricks by raising compressibility and shrinkage, lowering shear strength, due to void
spaces left over after the organic material has decayed (Delgado & Guerrero, 2007; Kumar et al.,
2015; Mihelcic et al., 2009). Soils with a high plasticity index will require more cement by
volume in the mix (Walker, 1995). The properties of the ant nest soil are unknown and therefore
cannot be used to derive a recommended cement content. The recommended mix ratios for the
CSEBs are in Table 8. As previously mentioned, 120 gallons of site soil and 85 gallons of ant
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nest soil are gathered to ensure there are sufficient soils for the mixture design experiments and
CSEB experiments.
Table 8 Proposed CSEB Design Mixtures for Experimentation.

Test ID

Soil (% by
Volume)

Leaf Cutter
Anthill Nest (%
by Volume)

Cement

Control
A1
A2
A3
B1
B2
B3
C1
C2
C3
D1
D2
D3
E1
E2
E3

90
85
85
85
80
80
80
75
75
75
45
45
45
-

5
10
15
10
10
20
15
20
25
45
50
55
90
100
95

10
10
5
10
5
10
5
10
5
10
5

3.4 CSEB Production Procedure
3.4.1 Dry Mixture Production Methodology
Traditional earth house soil mixtures in Panama are produced in a pit. The aim of these
experiments is to create testable uniform bricks and therefore mixing is done in containers under
controlled conditions. Five-gallon buckets will be prepped and labeled with the Test ID and kept
closed where they will not be exposed to moisture. Each design mix will require 14 five gallon
buckets to hold sufficient CSEB mixture. Twelve 5-gallon buckets of each design mixture are
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prepared from the collected soils to provide enough soil volume for all tests to be done from
material kept in the same conditions.
The leaf cutter ant nest soil and local soil are prepared separately to create uniform and
evenly mixed CSEBs. The soils are dried in a shaded and covered area off the ground for two to
three weeks. They are dried to make the materials easier to break up to and form a workable
powder. After two to three weeks the ant nest soil and site soil are pressed between two flat
surfaces to break up large clumps and identify any large stone. The soils are then sieved using a
1/8-inch screen held at a 45-degree angle and left to dry for another 2 weeks. The ant nest soil,
site soil, and cement are combined in the ratios described in Table 8 and mixed for 5 minutes in
their respective containers.
3.4.2 Optimum Moisture Content Determination
The optimum moisture content varies widely between earth brick mixtures and must be
determined for each site. The mixtures are not placed into molds until the has been determined.
Optimum moisture content is determined in the field by the consistency test and the ball drop
test. A known amount of water is added to a form a 1 ¼ inch ball of soil. The sample is rolled out
and if the tube breaks before it is 0.1 inches thick, the mixture is too dry. A ball drop test is
conducted by mixing recorded amounts of soil and water together into a ball and dropping it 1 m.
If the ball shatters into small pieces, there is not enough moisture in the sample. If the sample
squishes into a flattened disc like bread dough it is too moist. If the ball breaks into large clumps
the mixture is close to the optimum moisture content and the ratio of water to soil cement
mixture is appropriate for that Test ID. The water to Site ID ratio is recorded and the dry
contents are not wetted until the curing location and the molds are ready for production.
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3.4.3 CSEB Production and Curing Methodology
It is recommended that curing take place during January or February as they are typically
the driest months (Steven, 2020). The moulds will be filled where the CSEBs will initially be
cured, the methodology observed by the author for brick production in Limon, Panama. The
mould is placed on a covered, raised, and nonpermeable surface (compacted and dry earth,
plastic, etc.) close to where water will be added to the mixtures. The mould is soaked prior to the
addition of the mixture to prevent the removal of water from the mixture. The CSEBs are
initially cured for three days with periodic wetting. The mold is removed after three days, and the
bricks are covered with plastic and left to dry for 27 days. If the bricks are dried too quickly and
display cracks longer than the brick width, the brick is not acceptable for use or testing. A total
of 192 bricks will be molded with 96 molded for field tests and 96 prepared for laboratory tests.
3.5 Field and Laboratory Experiments for Cured CSEBs
3.5.1 Dropping Test
The dropping test determines the durability and production quality of the chosen bricks
quickly and in the field. Durability is a primary concern in these CSEBs due to the lack of
consistency when constructing with earth (Perera, 2009; Phonphuak et al., 2019). The durability
is tested by dropping the brick 3.2 ft (1 m) onto a level surface. CSEBs that break after dropping
are not suitable for use, however the brick is still tested in the laboratory.
3.5.2 Water Absorption Test
The water absorption of a brick determines the expected stability and durability of CSEBs
when exposed to rain or a consistently wet climate (Guettala et al., 2005). The samples are
expected to have differing values and should be tested in duplicate. The water absorption test is
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completed by submerging a brick in water for 24 hours after it has cured for 28 days. The weight
of the brick is recorded prior to and after submersion in water.
The water absorption can be determined as,
𝑊𝐴 =

𝑊24 −𝑊0
𝑊0

∗ 100 Equation 15

•

where, WA = Water Absorption, %, and

•

W0 = Initial weight of the block, and

•

W24 = Weight of block after 24 hours of submersion

CSEBs that absorb more than 15% water by weight are not appropriate for outdoor construction
uses but are acceptable for indoor applications.
3.5.3 Color Uniformity Test
The color uniformity of cured CSEBs indicates that the bricks are being produced in a
consistent and equal manner. The bricks are analyzed for differing patches of color, texture, and
cracking variation and depth. If a brick is deemed non-uniform the mixing process should be
examined to ensure sufficient crushing, an appropriate clay content below 35%, and consistent
mixing in the containers.
3.5.4 Efflorescence Test
The efflorescence test determines the salt content in the brick mixture. High salt contents
damage mineral structure and can leave cavities that weaken the brick, as well as producing
splotching that is not aesthetically pleasing. The samples are expected to have differing values
and should be tested in duplicate. Efflorescence is determined by placing a brick vertically in a
loosely covered container with 1 inch of water. Once the water is absorbed into the brick or has
evaporated another 1 inch of water is added to the dish. The brick is dried after the second
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application of water and compared to the photo taken before the test. The level of efflorescence
is measured by percentage covered by surface salt deposits.
Efflorescence can be categorized as,
•

Nil – 0% of the brick surface has visible white deposits.

•

Slight – Less than 10% of the brick surface has visible white deposits.

•

Moderate – Between 10% and 50% of the brick surface has visible white deposits.

•

Heavy – When more than 50% of the brick surface has visible white deposits but there is
no flaking of the surface.

•

Serious – When more than 50% of the brick surface has visible white deposits but there is
flaking of the surface.
Bricks with a “nil” result are acceptable for construction uses outside the home (Sahu et

al., 2017). Bricks with “slight” to “moderate” efflorescence are sufficient for indoor or noncritical uses. Any sample mix that qualifies as, “heavy” or “serious” is not appropriate for use.
3.5.5 Wet Erosion Resistance (Geelong Method) (NZS 4298)
The wet erosion resistance of a CSEB is its ability to resist weathering due to rain.
According to NZS 4298 this test is typically used for adobes, however due to the heavy rainy
season in Rio Oeste Abajo, it is appropriate for the bricks. The samples are expected to have
differing values and should be tested in duplicate. Wet erosion resistance is determined after the
bricks have cured for at least 28 days. Water is dripped for 45 minutes onto a brick sitting at a
30-degree angle on a flat surface. The dripping is timed so that the apparatus takes between 20
minutes and an hour to drip 0.42 cups (100 ml) onto the sample. The depth of the hole left by the
water droplets is measured to determine amount of erosion. A hole deeper than 0.59 in. (15 mm)
is not suitable for use while an ideal pit depth is below 0.20 in. (5 mm).
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3.5.6 Compressive Strength
Compressive strength is widely regarded at the most important predictor of brick
performance. According to ASTM C67, compressive strength is determined by placing CSEBs
on their longest and widest side in a hydraulic press. Pressure is applied to the specimen at a rate
of 500 psi until failure (significant cracking). Earthen bricks are more likely to deform and crush
rather than crumble and therefore photos are taken before and after testing.
The compressive strength can be determined, according to the New Mexican Earth
Building Code as,
𝐿

𝐶𝑆 = [𝐴]

Equation 16

•

where, CS = Compressive Strength, psi, and

•

L = Load at which failure was observed, as indicated by the testing apparatus, and

•

A = Load bearing area of the specimen, in2
The acceptable values according to the New Mexican Earth Building Code is at least 200

psi and between 150 psi and 725 psi according to the Australian Earth Building Handbook.
3.5.7 Proposed Framework for Data Analysis
This section provides a methodology for analyzing the results obtained from the field and
laboratory experimental testing of cement stabilized earth bricks with ant nest soil. The author
was unable to complete the analysis due to the global evacuation of all Peace Corps Volunteers
during the COVID-19 pandemic. This framework was adapted from the thesis of Adah Shair, Use
of Sugarcane Bagasse Ash as Partial Cement Replacement in Interlocking Stabilized Soil Blocks
(ISSBs) (Shair, 2020). The frameworks to evaluate a CSEB’s water absorption, wet erosion
resistance, and compressive strength are shown in Tables 9, 10 and 11.
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A2
A3
B1

80%
Site Soil

B2
B3

75%
Site Soil

C1
C2
C3
D1

45%
Site Soil

D2
D3

Weight of Mass after
Submersion (g)

Water Absorption
(%)*

W0-x1

W24-x1

WA-x1

x2

W0-x2

W24-x2

WA-x2

a1a

W0-a1a

W24-a1a

WA-a1a

a1b

W0-a1b

W24-a1b

WA-a1b

a2a
a2b
a3a
a3b
b1a
b1b
b2a
b2b
b3a

W0-a2a
W0-a2b
W0-a3a
W0-a3b
W0-b1a
W0-b1b
W0-b2a
W0-b2b
W0-b3a

W24-a2a
W24-a2b
W24-a3a
W24-a3b
W24-b1a
W24-b1b
W24-b2a
W24-b2b
W24-b3a

WA-a2a
WA-a2b
WA-a3a
WA-a3b
WA-b1a
WA-b1b
WA-b2a
WA-b2b
WA-b3a

b3b
c1a

W0-b3b
W0-c1a

W24-b3b
W24-c1a

WA-b3b
WA-c1a

c1b

W0-c1b

W24-c1b

WA-c1b

c2a

W0-c2a

W24-c2a

WA-c2a

c2b
c3a

W0-c2b
W0-c3a

W24-c2b
W24-c3a

WA-c2b
WA-c3a

c3b

W0-c3b

W24-c3b

WA-c3b

d1a

W0-d1a

W24-d1a

WA-d1a

d1b

W0-d1b

W24-d1b

WA-d1b

d2a

W0-d2a

W24-d2a

WA-d2a

d2b

W0-d2b

W24-d2b

WA-d2b

d3a

W0-d3a

W24-d3a

WA-d3a

d3b

W0-d3b

W24-d3b

WA-d3b

Average Water
Absorption is < 15%

85%
Site Soil

x1

Average Water
Absorption (%)

A1

Initial Mass of Block
(g)

90%
Control
Site Soil

Sample Name

Test ID

Site Soil Percentage

Table 9 Framework for Assessing the Percent Water Absorbed by a Cured CSEB.

x̄-X

OK / NOT
ACCEPTED

x̄-A1

OK / NOT
ACCEPTED

x̄-A2

OK / NOT
ACCEPTED

x̄-A3

OK / NOT
ACCEPTED

x̄-B1

OK / NOT
ACCEPTED
OK / NOT
ACCEPTED

x̄-B2
x̄-B3

OK / NOT
ACCEPTED

x̄-C1

OK / NOT
ACCEPTED

x̄-C2

OK / NOT
ACCEPTED

x̄-C3

OK / NOT
ACCEPTED

x̄-D1

OK / NOT
ACCEPTED

x̄-D2

OK / NOT
ACCEPTED

x̄-D3

OK / NOT
ACCEPTED
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Table 9 (Continued) Framework for Assessing the Percent Water Absorbed by a Cured CSEB
E1
0% Site
Soil

E2
E3

e1a

W0-e1a

W24-e1a

WA-e1a

e1b

W0-e1b

W24-e1b

WA-e1b

e2a

W0-e2a

W24-e2a

WA-e2a

e2b

W0-e2b

W24-e2b

WA-e2b

e3a

W0-e3a

W24-e3a

WA-e3a

e3b

W0-e3b

W24-e3b

WA-e3b

x̄-E1

OK / NOT
ACCEPTED

x̄-E2

OK / NOT
ACCEPTED

x̄-E3

OK / NOT
ACCEPTED

A2
A3
B1

80% Site
Soil

B2
B3
C1

75% Site
Soil
C2

ER-x1

x2

ER-x2

a1a

ER-a1a

a1b

ER-a1b

a2a

ER-a2a

a2b

ER-a2b

a3a

ER-a3a

a3b

ER-a3b

b1a

ER-b1a

b1b

ER-b1b

b2a

ER-b2a

b2b

ER-b2b

b3a

ER-b3a

b3b

ER-b3b

c1a

ER-c1a

c1b

ER-c1b

c2a

ER-c2a

c2b

ER-c2b

Depth is
< 0.20 in. < 0.59 in.
> 0.59 in.

85% Site
Soil

x1

Average Depth (in.)

A1

Depth of Hole (in.)

90% Site
Control
Soil

Sample Name

Test ID

Site Soil Percentage

Table 10 Framework for Assessing the Wet Erosion Resistance of a Cured CSEB.

x̄-X

IDEAL / OK / NOT ACCEPTED

x̄-A1

IDEAL / OK / NOT ACCEPTED

x̄-A2

IDEAL / OK / NOT ACCEPTED

x̄-A3

IDEAL / OK / NOT ACCEPTED

x̄-B1

IDEAL / OK / NOT ACCEPTED

x̄-B2

IDEAL / OK / NOT ACCEPTED

x̄-B3

IDEAL / OK / NOT ACCEPTED

x̄-C1

IDEAL / OK / NOT ACCEPTED

x̄-C2

IDEAL / OK / NOT ACCEPTED
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Table 10 (Continued) Framework for Assessing Wet Erosion Resistance of a Cured CSEB
C3
D1
45% Site
Soil

D2
D3
E1

0% Site
Soil

E2
E3

c3a

ER-c3a

c3b

ER-c3b

d1a

ER-d1a

d1b

ER-d1b

d2a

ER-d2a

d2b

ER-d2b

d3a

ER-d3a

d3b

ER-d3b

e1a

ER-e1a

e1b

ER-e1b

e2a

ER-e2a

e2b

ER-e2b

e3a

ER-e3a

e3b

ER-e3b

x̄-C3

IDEAL / OK / NOT ACCEPTED

x̄-D1

IDEAL / OK / NOT ACCEPTED

x̄-D2

IDEAL / OK / NOT ACCEPTED

x̄-D3

IDEAL / OK / NOT ACCEPTED

x̄-E1

IDEAL / OK / NOT ACCEPTED

x̄-E2

IDEAL / OK / NOT ACCEPTED

x̄-E3

IDEAL / OK / NOT ACCEPTED
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B1
80%
Site Soil

B2
B3
C1

75%
Site Soil

C2
C3
D1

45%
Site Soil

D2
D3

CS-X2

a1a

CS-a1a

a1b

CS-a1b

a2a

CS-a2a

a2b

CS-a2b

a3a

CS-a3a

a3b

CS-a3b

b1a

CS-b1a

b1b

CS-b1b

b2a

CS-b2a

b2b

CS-b2b

b3a

CS-b3a

b3b

CS-b3b

c1a

CS-c1a

c1b

CS-c1b

c2a

CS-c2a

c2b

CS-c2b

c3a

CS-c3a

c3b

CS-c3b

d1a

CS-d1a

d1b

CS-d1b

d2a

CS-d2a

d2b

CS-d2b

d3a

CS-d3a

d3b

CS-d3b

95% Characteristic
Value < 1.5 MPa

A3

x2

95% Characteristic
Value of Compressive
Strength

A2

CS-x1

Standard Deviation

85%
Site Soil

x1

Average Mean
Compressive Strength
(MPa)

A1

Compressive Strength
(MPa)

90%
Control
Site Soil

Sample Name

Test ID

Site Soil Percentage

Table 11 Framework for Analyzing the Compressive Strength of a Cured CSEB.

x̄-X

s-X

CV-X

OK / NOT
ACCEPTED

x̄-A1

s-A1

CV-A1

OK / NOT
ACCEPTED

x̄-A2

s-A2

CV-A2

OK / NOT
ACCEPTED

x̄-A3

s-A3

CV-A3

OK / NOT
ACCEPTED

x̄-B1

s-B1

CV-B1

OK / NOT
ACCEPTED

x̄-B2

s-B2

CV-B2

OK / NOT
ACCEPTED

x̄-B3

s-B3

CV-B3

OK / NOT
ACCEPTED

x̄-C1

s-C1

CV-C1

OK / NOT
ACCEPTED

x̄-C2

s-C2

CV-C2

OK / NOT
ACCEPTED

x̄-C3

s-C3

CV-C3

OK / NOT
ACCEPTED

x̄-D1

s-D1

CV-D1

OK / NOT
ACCEPTED

x̄-D2

s-D2

CV-D2

OK / NOT
ACCEPTED

x̄-D3

s-D3

CV-D3

OK / NOT
ACCEPTED
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Table 11 (Continued) Framework for Analyzing the Compressive Strength of a Cured CSEB.
E1
0% Site
Soil

E2
E3

e1a

CS-e1a

e1b

CS-e1b

e2a

CS-e2a

e2b

CS-e2b

e3a

CS-e3a

e3b

CS-e3b

x̄-E1

s-E1

CV-E1

OK / NOT
ACCEPTED

x̄-E2

s-E2

CV-E2

OK / NOT
ACCEPTED

x̄-E3

s-E3

CV-E3

OK / NOT
ACCEPTED
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Chapter 4 Conclusions and Recommendations
The objective of this thesis is to provide a methodology for conducting experiments to
further understand the soil composition of leaf cutter ant nest soil and its behavior as a cement
stabilized earth brick additive. Based on the existing literature it is expected that the optimum
mixture design will contain 15% ant nest soil, 5% ordinary Portland cement, and 80% site soil.
Due to the global evacuation of Peace Corps from all countries the author was unable to carry
out the proposed experiments in their community of Rio Oeste Abajo.
4.1 Conclusions
As climate change makes resources more scare and global economic pressures drive up
material costs, construction materials are going to continue to become less accessible for rural
communities across the globe. Earth based construction has proven to be a sustainable, cheap,
and accessible option in many different countries. These CSEBs provide a way to integrate
indigenous knowledge into modern building systems, utilize a pest material, and flexibility in
brick characteristics such as size, strength, and mixture design without high transportation costs.
The potential uses range from storage units for harvest grain, to improved indoor cookstoves to
replace a three stone fire.
However, cement stabilized earthen bricks face difficulty in adoptions as they are
understudied in tropical climates, and the utilization of ant nest soil in Central America has yet to
be explored. Moisture and water content are critical parameters for earth building durability in
tropical environments and therefore must be studied to innovate the existing successful earth
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technologies in dry climates. Furthermore, earth construction lacks a unified standardization and
can be perceived as inferior by the communities they are marketed towards.
The engagement of the study communities, local universities, utilization of local unwanted
materials, and integration of traditional building techniques attempt to bridge the gap between
laboratory results and actual adoption. Additional research with a standard methodology is
needed in tropical climates to refine and standardize mixture designs and methodological
approaches to constructing CSEBs.
A further barrier to effective implementation and adoption of different earth building
techniques is the exclusion of women, girls, and gender diverse people from what is perceived as
“man’s work”. Current daub construction methods in Rio Oeste Abajo and Loma Chata have a
long history of inclusion and participation for all community members as observed and told to
the author. Children, women, and gender diverse people have not been historically excluded
from these earth building practices and participate in mixing, applying and repairs. Therefore,
familiarity varies family to family rather than individually, and is determined based on if the
family someone is born into still practices earth building.
This is contrary to more recently introduced western techniques of masonry with concrete
blocks where men are seen as the appropriate people to be taught these techniques. The author
did not observe any women, girls, or gender diverse people being taught masonry, but did
witness young boys learning how to use mortar and begin the process of learning how to work
with these materials. This perception of different building techniques as work for one group over
another could prove to be a barrier in achieving adoption.
Inclusion of all historically excluded people in the process of innovation is an important
goal. Technologies designed and then introduced without the input of these groups fall short in
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achieving usefulness, alleviating perceived burdens of the population, and genuine long term
success (Cockburn, 1997; Gonda, 2017). The proposed projects of improved cookstoves are
specifically important because women, children are more likely to experience illness due to
indoor air pollution (UNDP, 2020; Wang et al., 2013; WHO, 2018). There exist a variety of
funding opportunities to reduce indoor air pollution such as, the UN’s Partnership for Clean
Indoor Air, Clean Air Fund, US EPA Clean Cookstove Research, USAID Health Research
Program, among others.
However, it has also been reported that engineers too often assume the gender dynamics
of an unfamiliar culture incorrectly and decide for the community how best to “fix” what they
perceive as the barrier to their technology’s adoption (Cockburn, 1995; Gonda, 2017). Therefore,
how inclusion happens, and to what extent are to be decided by community members in a way
that respects the autonomy and specific familial culture of all people in Rio Oeste Abajo.
4.2 Recommendations
The following recommendations are proposed for further investigations on the use of ant
nest soil in cement stabilized earth bricks (CSEBs) in a tropical environment.
•

Conduct a survey of the community members of Rio Oeste Abajo, or any study
community and assist in identifying what the barriers are to earth brick construction.

•

Conduct a life cycle analysis of the ecological impacts of removing leaf cutter ant nests.
The CSEB Design Procedure shown in Figure 6 provides a methodology and standards
that can be followed to replicate studies done in different communities with differing
design ratios. This would allow for studies to be comparable regardless of where they
were completed and begin creating a framework for analyzing CSEBs with ant nest soil
in tropical environments performance.
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•

The testing of optimum moisture content and maximum dry density according to ASTM
D558 was not possible in the UTP laboratories as of the authors departure in March 2020.
These experiments find optimum moisture content and maximum density specifically for
soil-cement mixtures. The experiment requires a 1/30 ft3 cylindrical mold and mechanical
rammer not that was not available at the UTP David or Changuinola campus. Optimum
moisture content and maximum dry density directly affect the effectiveness of the CSEBs
and therefore testing these properties more rigorously is recommended should the
equipment become available.
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Appendix A: Executive Summary (to be translated into Spanish for stakeholders)
Diversifying construction material can help to reduce indoor air pollution, provide shelter
for the houselessness, encourage diversification in industry, and support small scale
industrialization This study proposes an investigation and testing procedure completed in
cooperation with the Universidad Tecnológica de Panamá (UTP) and local Panamanian earth
brick producers for Cement Stabilized Earthen Bricks (CSEBs) with leaf cutter ant nest soil
admixture. The study community is a Ngäbe majority community called Rio Oeste Abajo.
located in Bocas del Toro, Panama where the author served in the Peace Corps as part of their
graduate school education. The appendix at the end of this summary provides guidance on,
testing methodology, proposed mix design, summary of proposed tests with links to video
tutorials, equipment list for applicable test, and proposed frameworks for assessing the results of
water absorption, wet erosion resistance, and compressive strength experiments. An additional
table will be completed that includes a summary of tests with links to video tutorials, equipment
list for applicable the table can be requested from the author at, faithcmalay@gmail.com.
The CSEBs can be utilized to support or construct improved cookstoves (biomass
burning stoves with a chimney), one-story homes, agriculture storage units, or other simple
structures. There is little existing literature on the usefulness of the leaf cutter ant nest as a
construction material however, termite mound soil is used across Asia and Africa to build strong
and reliable structures. The proposed projects of improved cookstoves are specifically important
because women and children are more likely to experience illness due to indoor air pollution
(UNDP, 2020; Wang et al., 2013; WHO, 2018). There is similarly a long history of earth
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construction and a variety of existing earth brick producers in Panama, indicating a cultural
acceptance to adapting and using earth technology.
Initial data around additive selection was completed through informal conversations with
Rio Oeste Abajo community members. The engagement of the study community, local
universities, utilization of local unwanted materials, and integration of traditional building
techniques attempt to provide a way to integrate indigenous knowledge into modern building
systems, utilize a pest material, and increase flexibility in brick characteristics such as size,
strength, and mixture design without high transportation costs. A literature review was
completed to gather existing information on insect nest soil to predict the behavior of leaf cutter
ant nest soil in the CSEBs and identify appropriate experimental methods. A laboratory survey
was completed at the Civil Engineering Laboratories of UTP in David and Changuinola, Panama
to identify what standardized experiments are feasible to suggest.
However, CSEBs are understudied in tropical environments due to the challenges earth
buildings face when exposed to water. In order to adequately adapt technology to the conditions
faced by indigenous people, studies must be done in climates they live in. A further barrier to
effective implementation and adoption of different earth building techniques is the exclusion of
women, girls, and gender diverse people from what is perceived as “man’s work”. Inclusion of
all historically excluded people in the process of innovation is an important goal. Technologies
designed and then introduced without the input of these groups fall short in achieving usefulness,
alleviating perceived burdens of the population, and genuine long term success (Cockburn, 1997;
Gonda, 2017). Therefore, how inclusion happens, and to what extent are to be decided by
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community members in a way that respects the autonomy and specific familial culture of all
people in Rio Oeste Abajo.
The following recommendations are proposed for further investigations on the use of ant
nest soil in cement stabilized earth bricks (CSEBs) in a tropical environment.
•

The most optimal mix design based on the review of current literature is 15% leaf cutter
ant nest soil, 5% cement, and 80% site soil by volume.

•

Conduct a survey of the community members of Rio Oeste Abajo, or any study
community and assist in identifying what the barriers are to earth brick construction.

•

Optimum moisture content and maximum dry density directly affect the effectiveness of
the CSEBs. Therefore, testing these properties is recommended. However, the testing of
optimum moisture content and maximum dry density according to ASTM D558 was not
possible in the UTP laboratories as of the author’s departure in March 2020. These tests
determine optimum moisture content and maximum density specifically for soil-cement
mixtures. The experiment requires a 1/30 ft3 cylindrical mold and mechanical rammer
not that was not available at the UTP David or Changuinola campus.

•

Conduct an ecological assessment on removal of leaf cutter ant nests. The CSEB Design
Procedure shown in Figure 6 provides a methodology and standards that can be followed
to replicate studies done in different communities with differing design ratios. This would
allow for studies to be comparable regardless of where they were completed and begin
creating a framework for analyzing CSEBs with ant nest soil in tropical environments
performance.
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The overview of the author’s CSEB design procedure is below.

OPC either 0% ,5% ,or 10%
Ant Nest Soil 0-100% by
volume of site soil
Site Soil comprises rest of
mixture

Figure A Author's CSEB Design Mixture Flow Chart
79

The proposed mixture design is below.
Table A Author's Proposed Design Mixture for CSEBs Stabilized with Cement and Leaf Cutter
Anthill Nest Soil

Test ID

Soil (% by
Volume)

Leaf Cutter Anthill
Nest (% by
Volume)

Cement

Control
A1
A2
A3
B1
B2
B3
C1
C2
C3
D1
D2
D3
E1
E2
E3

90
85
85
85
80
80
80
75
75
75
45
45
45
-

5
10
15
10
10
20
15
20
25
45
50
55
90
100
95

10
10
5
10
5
10
5
10
5
10
5
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The proposed framework for analysis of % water absorption is below.

A2
A3
B1

80%
Site
Soil

B2
B3

75%
Site
Soil

C1
C2
C3
D1

45%
Site
Soil

D2
D3
E1

0%
Site
Soil

E2
E3

Water
Absorption
(%)*

W0-x1

W24-x1

WA-x1

x2

W0-x2

W24-x2

WA-x2

a1a
a1b
a2a
a2b
a3a
a3b
b1a
b1b
b2a
b2b
b3a
b3b
c1a
c1b
c2a
c2b
c3a
c3b
d1a
d1b
d2a
d2b
d3a
d3b
e1a
e1b
e2a
e2b
e3a
e3b

W0-a1a
W0-a1b
W0-a2a
W0-a2b
W0-a3a
W0-a3b
W0-b1a
W0-b1b
W0-b2a
W0-b2b
W0-b3a
W0-b3b
W0-c1a
W0-c1b
W0-c2a
W0-c2b
W0-c3a
W0-c3b
W0-d1a
W0-d1b
W0-d2a
W0-d2b
W0-d3a
W0-d3b
W0-e1a
W0-e1b
W0-e2a
W0-e2b
W0-e3a
W0-e3b

W24-a1a
W24-a1b
W24-a2a
W24-a2b
W24-a3a
W24-a3b
W24-b1a
W24-b1b
W24-b2a
W24-b2b
W24-b3a
W24-b3b
W24-c1a
W24-c1b
W24-c2a
W24-c2b
W24-c3a
W24-c3b
W24-d1a
W24-d1b
W24-d2a
W24-d2b
W24-d3a
W24-d3b
W24-e1a
W24-e1b
W24-e2a
W24-e2b
W24-e3a
W24-e3b

WA-a1a
WA-a1b
WA-a2a
WA-a2b
WA-a3a
WA-a3b
WA-b1a
WA-b1b
WA-b2a
WA-b2b
WA-b3a
WA-b3b
WA-c1a
WA-c1b
WA-c2a
WA-c2b
WA-c3a
WA-c3b
WA-d1a
WA-d1b
WA-d2a
WA-d2b
WA-d3a
WA-d3b
WA-e1a
WA-e1b
WA-e2a
WA-e2b
WA-e3a
WA-e3b

Average Water
Absorption is <
15%

85%
Site
Soil

x1

Average Water
Absorption (%)

A1

Weight of Mass
after
Submersion (g)

Control

Initial Mass of
Block (g)

Test ID

90%
Site
Soil

Sample Name

Site Soil
Percentage

Table B Proposed Framework for Analysis of Water Absorption

x̄-X

OK / NOT
ACCEPTED

x̄-A1

OK / NOT
ACCEPTED
OK / NOT
ACCEPTED
OK / NOT
ACCEPTED
OK / NOT
ACCEPTED
OK / NOT
ACCEPTED
OK / NOT
ACCEPTED
OK / NOT
ACCEPTED
OK / NOT
ACCEPTED
OK / NOT
ACCEPTED
OK / NOT
ACCEPTED
OK / NOT
ACCEPTED
OK / NOT
ACCEPTED
OK / NOT
ACCEPTED
OK / NOT
ACCEPTED
OK / NOT
ACCEPTED

x̄-A2
x̄-A3
x̄-B1
x̄-B2
x̄-B3
x̄-C1
x̄-C2
x̄-C3
x̄-D1
x̄-D2
x̄-D3
x̄-E1
x̄-E2
x̄-E3
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The proposed framework for analysis of wet erosion resistance is below.

A1
85%
Site
Soil

A2
A3
B1

80%
Site
Soil

B2
B3
C1

75%
Site
Soil

C2
C3
D1

45%
Site
Soil

D2
D3
E1

0%
Site
Soil

E2
E3

ER-x1

x2

ER-x2

a1a
a1b
a2a
a2b
a3a
a3b
b1a
b1b
b2a
b2b
b3a
b3b
c1a
c1b
c2a
c2b
c3a
c3b
d1a
d1b
d2a
d2b
d3a
d3b
e1a
e1b
e2a
e2b
e3a
e3b

ER-a1a
ER-a1b
ER-a2a
ER-a2b
ER-a3a
ER-a3b
ER-b1a
ER-b1b
ER-b2a
ER-b2b
ER-b3a
ER-b3b
ER-c1a
ER-c1b
ER-c2a
ER-c2b
ER-c3a
ER-c3b
ER-d1a
ER-d1b
ER-d2a
ER-d2b
ER-d3a
ER-d3b
ER-e1a
ER-e1b
ER-e2a
ER-e2b
ER-e3a
ER-e3b

Depth is
< 0.20 in. <
0.59 in. >
0.59 in.

x1

Average Depth
(in.)

Depth of Hole
(in.)

Control

Sample Name

90%
Site
Soil

Test ID

Site Soil
Percentage

Table C Proposed Framework for Analysis of Wet Erosion Resistance

x̄-X

IDEAL / OK / NOT
ACCEPTED

x̄A1
x̄A2
x̄A3
x̄B1
x̄B2
x̄B3
x̄C1
x̄C2
x̄C3
x̄D1
x̄D2
x̄D3
x̄E1
x̄E2
x̄E3

IDEAL / OK / NOT
ACCEPTED
IDEAL / OK / NOT
ACCEPTED
IDEAL / OK / NOT
ACCEPTED
IDEAL / OK / NOT
ACCEPTED
IDEAL / OK / NOT
ACCEPTED
IDEAL / OK / NOT
ACCEPTED
IDEAL / OK / NOT
ACCEPTED
IDEAL / OK / NOT
ACCEPTED
IDEAL / OK / NOT
ACCEPTED
IDEAL / OK / NOT
ACCEPTED
IDEAL / OK / NOT
ACCEPTED
IDEAL / OK / NOT
ACCEPTED
IDEAL / OK / NOT
ACCEPTED
IDEAL / OK / NOT
ACCEPTED
IDEAL / OK / NOT
ACCEPTED
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The proposed framework for analysis of compressive strength is below.

A1
85%
Site
Soil

A2

A3

B1
80%
Site
Soil

B2

B3

C1
75%
Site
Soil

C2

C3

45%
Site
Soil

D1

D2

CS-X2

a1a

CS-a1a

a1b

CS-a1b

a2a

CS-a2a

a2b

CS-a2b

a3a

CS-a3a

a3b

CS-a3b

b1a

CS-b1a

b1b

CS-b1b

b2a

CS-b2a

b2b

CS-b2b

b3a

CS-b3a

b3b

CS-b3b

c1a

CS-c1a

c1b

CS-c1b

c2a

CS-c2a

c2b

CS-c2b

c3a

CS-c3a

c3b

CS-c3b

d1a

CS-d1a

d1b

CS-d1b

d2a

CS-d2a

d2b

CS-d2b

x̄-X

s-X

CV-X

x̄-A1

s-A1

CV-A1

x̄-A2

s-A2

CV-A2

x̄-A3

s-A3

CV-A3

x̄-B1

s-B1

CV-B1

x̄-B2

s-B2

CV-B2

x̄-B3

s-B3

CV-B3

x̄-C1

s-C1

CV-C1

x̄-C2

s-C2

CV-C2

x̄-C3

s-C3

CV-C3

x̄-D1

s-D1

CV-D1

x̄-D2

s-D2

CV-D2

95%
Characterisitc
Value > 1.5 Mpa

x2

95%
Characteristic
Value of
Compressive
Strength

CS-x1

Standard
Deviation

x1

Average Mean
Compressive
Strength (MPa)

Compressive
Strength (MPa)

90%
Cont
Site
rol
Soil

Sample Name

Test ID

Site Soil
Percentage

Table D Proposed Framework for Analysis of Compressive Strength

OK / NOT
ACCEPTE
D
OK / NOT
ACCEPTE
D
OK / NOT
ACCEPTE
D
OK / NOT
ACCEPTE
D
OK / NOT
ACCEPTE
D
OK / NOT
ACCEPTE
D
OK / NOT
ACCEPTE
D
OK / NOT
ACCEPTE
D
OK / NOT
ACCEPTE
D
OK / NOT
ACCEPTE
D
OK / NOT
ACCEPTE
D
OK / NOT
ACCEPTE
D
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d3a
D3

E1
0%
Site
Soil

E2

E3

CS-d3a

d3b

CS-d3b

e1a

CS-e1a

e1b

CS-e1b

e2a

CS-e2a

e2b

CS-e2b

e3a

CS-e3a

e3b

CS-e3b

x̄-D3

s-D3

CV-D3

x̄-E1

s-E1

CV-E1

x̄-E2

s-E2

CV-E2

x̄-E3

s-E3

CV-E3

OK / NOT
ACCEPTE
D
OK / NOT
ACCEPTE
D
OK / NOT
ACCEPTE
D
OK / NOT
ACCEPTE
D
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